It has been postulated that reactive oxygen species generated by UV irradiation contribute to photo-induced skin damage, such as lipid peroxidation, sunburn reaction, phototoxicity, photoallergy, and photo-aging. [1] [2] [3] [4] [5] [6] [7] [8] However, the mechanistic details remain unclear. Among various reactive oxygen species, singlet oxygen, a highly reactive and toxic intermediate with specific reactivity, appears to play an important role because it mediates photosensitized reactions. 9, 10) We previously constructed a very sensitive near-infrared emission spectrometer with a germanium (Ge)-detector as a reliable means of singlet oxygen detection. [11] [12] [13] We used this device to show that coproporphyrin from Propionibacterium acnes (P. acnes) generated singlet oxygen on the surface of healthy skin under UV exposure by detecting the emission at 1268 nm due to singlet oxygen. 13) Patients with erythropoietic protoporphyria, caused by accumulation of protoporphyrin in the skin, are known to suffer severe skin damage during sunlight exposure.
Squalene as a Target Molecule in Skin Hyperpigmentation
lator (A-160; Hoya, Japan) driven by a driver (110-DS; Hoya, Japan). The signal output from the Ge-detector was fed to a model 124A lock-in amplifier via a model 116 preamplifier (both from E.G. & G Princeton Applied Research, U.S.A.) and synchronized with the internal reference signal of the lock-in amplifier. The signal output from the lock-in amplifier was fed to an XY recorder, and the emission spectrum was recorded by scanning the grating with a motor.
Determination of Rate Constant for the Reaction of Singlet Oxygen with Squalene The emission intensity of singlet oxygen generated in coproporphyrin (80 mM) ethanol solution was monitored with or without squalene (0-80 mM) under excitation by Ar laser light at 514.5 nm with 200 mW output power. The rate constant (K q ) for the reaction of singlet oxygen with squalene was determined from SternVolmer plots, based on the equation I 0 /Iϭ1ϩK q tC q , from the ratio of the emission intensity with (I) or without (I 0 ) squalene against the concentration of squalene (C q ) using the reported value for the life time of singlet oxygen (t) in ethanol (10-15ϫ10 Ϫ6 s). 27, 28) UV Irradiation UV irradiation was performed with a solar simulator (XB-25T1W1, WACOM R&D Co., Tokyo, Japan) with UV cut filters that select the UVA region (320-400 nm) or UVB region (280-320 nm). UV output power was measured by an Eppley thermopile (The Eppley Lab., Ind., U.S.A.). Each lipid (10 mM) ethanol solution was irradiated with UVA (6 mW/cm 2 ) or UVB (0.15 mW/cm 2 ) using a solar simulator in the presence of coproporphyrin (0-3 mM) or another photosensitizer (3 mM) on ice. From published data, midday midsummer sunlight in Southern Europe is about 5 mW/cm 2 .
29)
Measurement of Lipid Peroxide Peroxide value (POV) was measured by the method described previously with potassium iodide as a standard. 30) Lipid peroxide was reacted with iodide (I Ϫ ), and tri-iodide (I 3 Ϫ ) was formed in equilibrium I 2 ϩI Ϫ ↔I 3 Ϫ with the excess I Ϫ . For the assay, chloroform/acetic acid/ethanolϭ4 : 4 : 1 and a saturated potassium iodide solution were prepared as solvents. These solvents were added to the lipid solutions exposed to UV light, and absorbance of tri-iodide at 359 nm was measured after 30 min.
Preperation of Squalene Peroxide Squalene peroxide was prepared via the photosensitized reaction. Briefly, squalene (10 mM) and hematoporphyrin (1 mM) in ethanol solution were irradiated with UVA (10 J/cm 2 ) using a solar simulator. The resulting solution contained 1.45 mM squalene peroxide/ 10 mM squalene as determined from POV measurement. The squalene peroxide mixture was used for further experiments without purification. Squalene (10 mM) and hematoporphyrin (1 mM) solution without irradiation were prepared as controls.
Topical Application of Squalene Peroxide The squalene peroxide mixture (10 mM) was applied on the left side of the shaved dorsal skin of four guinea pigs (24 nmol squalene peroxide/cm 2 per day, 5 d a week, for 3 weeks). Squalene (10 mM) and hematoporphyrin (1 mM) solution without irradiation were applied on the right side as controls. After 22 d, the animals were sacrificed and subjected to histological observation. The experiments were conducted in accordance with institutional guidelines for animal experiments at KOSÉ Corporation.
Histological Observation of Skin Hyperpigmentation
Skin specimens were removed and fixed with phosphatebuffer (pH 7) containing 10% formaldehyde, and paraffinembedded blocks were prepared. Melanin Content Measurement Melanocytes were treated with the squalene peroxide mixture (0.1-3 mM) or ethanol, as a control, for 4 d and were assayed for melanin content on the fifth day. After cell number was determined with a Coulter Counter (Beckman Coulter, Inc., Fullerton, U.S.A.), melanin was precipitated in 5% trichloroacetate and dissolved in 0.85 N KOH. The absorbance of the solution at 400 nm was measured and melanin content was obtained using synthetic melanin as a standard.
Prostaglandin E 2 (PGE 2 ) Measurement Keratinocytes were treated with the squalene peroxide mixture (12.5-50 mM) for 24 h and cells and media were collected separately. The solution of 50 mM squalene peroxide mixture contained 7.25 mM squalene peroxide. The squalene and hematoporphyrin solution without irradiation were applied as controls. Cells were rinsed and homogenized with phosphate buffer (pH 7.4), and the protein concentration of each cell homogenate was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Rockford, U.S.A.). Release of PGE 2 into media was determined using the prostaglandin E 2 EIA Kit (Cayman Chemical Company, Ann Arbor, U.S.A.).
RESULTS

Determination of Reactivity of Squalene with Singlet
Oxygen We previously showed that coproporphyrin, which is a predominant porphyrin from P. acnes, on the skin surface generated singlet oxygen under UV exposure, and that the potential of coproporphyrin as a singlet oxygen generator was similar to that of other porphyrins and much higher than that of other photosensitizers, such as rose bengal and riboflavin. 13) These suggested that human skin is always at risk of damage by singlet oxygen, and that squalene, one of the main components of sebaceous lipids, with six unsaturated bonds, is readily oxidized by singlet oxygen on the skin surface.
First, the reactivity of squalene with singlet oxygen was measured by detection of singlet oxygen emission in the presence of various concentration of squalene. Figure 1 shows the emission spectrum of singlet oxygen generated from coproporphyrin and the decrease of emission intensity upon addition of squalene. The ratio of the emission intensity with (I) or without (I 0 ) squalene is plotted against the concentration of squalene (C q ). From these Stern-Volmer plots, the value of the rate constant, K q ϭ2.6-3.9ϫ10
, was obtained for squalene, based on the relationship I 0 /Iϭ 1ϩK q t C q . This value is in agreement with that measured by another method.
32) The reactivity of squalene with singlet oxygen was more than ten-fold higher than reported values for other skin surface lipids, such as oleic acid, linoleic acid and cholesterol (methyl oleate; K q ϭ1.3ϫ10
). 28) Coproporphyrin Induced Squalene Peroxide Formation by UVA Irradiation Squalene peroxidation induced by singlet oxygen was measured in the presence of various photosensitizers, including coproporphyrin, under UVA exposure. From POV measurement, the amount of squalene peroxide increased with increasing concentration of coproporphyrin, and squalene was hardly oxidized in the absence of coproporphyrin (Fig. 2) . On the other hand, UVB hardly produced squalene peroxide in the presence of coproporphyrin. UVA was much more effective than UVB for producing squalene peroxide at intensities proportional to those in solar light (Fig. 3) . Among the photosensitizers examined, coproporphyrin and hematoporphyrin were the most efficient generators of squalene peroxide, while rose bengal, eosin yellowish and methylene blue hardly enhanced squalene peroxidation (Table 1) . Thus, coproporphyrin is a very effective endogenous photosensitizer for peroxidation of skin surface lipid under UVA exposure. P. acnes-derived coproporphyrin exists in the sebaceous glands and excreted on the skin surface with sebaceous lipid secretion. Then, peroxidation of sebaceous lipids by singlet oxygen was compared. Squalene was much more easily oxidized by singlet oxygen than other sebaceous lipids such as cholesterol and unsaturated fatty acids (Table 2) . These results are consistent with the finding that the rate constant for the reaction of singlet oxygen with squalene was much higher than those of the other lipids. These indicate that squalene is the first target of singlet oxygen from coproporphyrin.
Topical Application of Squalene Peroxide Induced Hyperpigmentaion of Guinea Pig Skin As a model of photoinduced skin damage putatively mediated by squalene peroxide, squalene peroxide prepared by photosensitized reaction was applied to guinea pig skin. On the squalene peroxidetreated sides, sub-erythematic redness was observed 7-9 d after application and this faded within 3-7 d (data not shown), followed by gradual appearance of pigmentation on day 18-22 in all four cases. Figure 4A ) using a solar simulator in the presence of photosensitizer (3 mM) and the increase of POV (DPOV) was measured. Results are the meanϮS.D. of three replicates. 
Effect of Squalene Peroxide on Melanin Synthesis of Cultured Melanocytes
We examined the direct effect of squalene peroxide on melanin synthesis of cultured melanocytes. Melanocytes were treated with squalene peroxide mixture (0.1-3 mM) for 4 d. Squalene peroxide did not enhance but rather decreased melanin synthesis of melanocytes (Fig. 5) . These indicated that the skin hyperpigmentation caused by topical application of squalene peroxide was not induced by its direct effect on melanocytes. It is highly possible that squalene peroxide affects keratinocytes to release inflammatory factors inducing melanin synthesis of melanocytes.
Release of PGE 2 from Keratinocytes Treated with Squalene Peroxide PGE 2 is produced abundantly by keratinocytes in the skin on UV exposure and activates melanocyte dendricity and its melanin synthesis. [33] [34] [35] [36] We then measured PGE 2 release from cultured keratinocytes treated by squalene peroxide. Keratinocytes were treated by squalene peroxide mixture (12.5-50 mM) for 24 h. Squalene peroxide dramatically increased PGE 2 release from keratinocytes in a dose-dependent manner (Fig. 6) . These indicated that squalene peroxide caused skin hyperpigmentation through increasing PGE 2 release from keratinocytes.
DISCUSSION
Many investigators have tried to unravel the involvement of reactive oxygen species in various diseases, including photo-induced skin damage. Although the reactivity and toxicity of singlet oxygen are well known, there has been little evidence of generation of singlet oxygen in vivo, except for erythropoietic protoporphyria, tetracycline phototoxicity and photodynamic therapy of cancer. 14, 15, [37] [38] [39] We constructed a sensitive Ge-detector for detection of singlet oxygen emission, and obtained evidence of singlet oxygen generation on the surface of healthy skin at 1268 nm. 13 ) P. acnes are normal inhabitants of human skin, and excrete porphyrins on the skin surface with sebaceous lipid secretion. 40, 41) Our previous report showed that P. acnes-derived coproporphyrin produced singlet oxygen under UVA excitation. 13) This finding suggested that skin was always at risk of damage from singlet oxygen generated by daily UV exposure, and that skin surface lipid was the first target of singlet oxygen.
In this study, we showed that squalene, a main component of sebaceous lipid, had the highest reactivity with singlet oxygen among the skin surface lipids examined, based on determination of the rate constant for the reaction of singlet oxygen and squalene, using the most reliable detection method for singlet oxygen. Further, coproporphyrin was a potent photosensitizer, inducing squalene peroxidation on the skin surface. In previous reports, high-intensity UV light or exogenous photosensitizers such as rose bengal were used to study squalene peroxide formation. We have established for the first time that coproporphyrin is an efficient endogenous photosensitizer that induces squalene peroxidation in the skin, and that UVA is much more effective than UVB for squalene peroxide formation under physiological conditions. The reason may be that coproporphyrin has a larger absorption in the UVA region than in the UVB region, in addition to the fact that UVA has about ten times more energy than UVB in solar light. Our findings support the importance of protection from not only UVB but also UVA to prevent skin damage. Ekanayake Muduyanselage et al. investigated the generation of squalene mono-hydroperoxide in sebaceous lipids exposed to UVA/B under physiological condition, and showed that UVA induced squalene peroxide at rates at least one order of magnitude higher than did UVB. 21) Since the skin surface is consistently exposed to UV in the presence of coproporphyrin, our observation of squalene peroxidation mediated by coproporphyrin is consistent with these in vivo data.
Although lipid peroxide is thought to be associated with the pathogenesis of skin damage, such as acne, atopic dermatitis, psoriasis and pigmentation, the mechanisms involved have not been clarified in most cases. 25, 26) However, the pathological role of squalene peroxide in acne patients has been investigated. [42] [43] [44] [45] [46] It was reported that skin surface lipids from acne patients were enriched in oxidized squalene, and that acne treatment decreased coproporphyrin in the skin. 42, 43) In this study, we demonstrated that singlet oxygen from coproporphyrin was most effective to squalene peroxide formation. The fact that P. acnes coproporphyrin is distributed not only in acne patients, but also in healthy subjects raises the possibility that squalene peroxide formation by singlet oxygen might mediate skin damage even in healthy subjects.
Indeed, we confirmed here that topical application of squalene peroxide produced by singlet oxygen induced hyperpigmentation in guinea pig skin. However, squalene peroxide did not enhance melanin synthesis of cultured melanocytes. A possible mechanism in the present case is as follows. The increase of melanin content induced by squalene peroxide could be a result of the activation of melanin synthesis of melanocytes by inflammatory factors from keratinocytes. Squalene peroxide was reported to induce interleukin-6 secretion and lipoxygenase activation in HaCaT keratinocytes and was suggested to establish an inflammatory process via hyperkeratinization and sebogenesis in the pathogenesis of acne. 46) We found that squalene peroxide induced PGE 2 release from keratinocytes. Since PGE 2 is known to activate melanocyte dendricity and its melanin synthesis, [33] [34] [35] [36] squalene peroxide might cause skin hyperpigmentation through stimulatting PGE 2 release from keratinocytes. The concentration of squalene peroxide in the experiment with keratinocytes was two orders of magnitude lower than that in the in vivo experiment, and much lower concentration of squalene peroxide decreased melanin synthesis of melanocytes. Considering the fact that melanocytes are located in the bottom layer of epidermal keratinocytes in the skin, it is possible that squalene peroxide on the skin surface has more significant effect on keratinocytes than melanocytes and, as a result, causes skin hyperpigmentation by stimulating PGE 2 release from keratinocytes. Our observation of hyperpigmentation in guinea pig skin supports this mechanism. Thus, we suggested that not only singlet oxygen itself, but also squalene peroxide, has a key role in causing photo-induced skin damage. Kohno et al. showed that the main oxidized squalene by UV irradiation on the skin surface was squalene monohydroperoxide, and that the amount of the squalene monohydroperoxide detected by HPLC corresponded quite well to the POV, and determined that about 45 nmol squalene peroxide from 1 mmol squalene was produced on the forehead after sunlight exposure for 5 min. 47, 48) From the previous data that sebaceous lipid on the forehead was about 150-300 mg/cm 2 and that squalene was 12% of the sebaceous lipid, 49) 44-88 nmol/cm 2 of squalene existed on the forehead. Therefore, it was calculated that 2-4 nmol squalene peroxide/cm 2 / 5 min was produced on the skin surface under daily sunlight exposure. Considering the sunlight exposure time, topical application of 24 nmol/cm 2 of squalene peroxide in our experiments was not far away from those physiological conditions.
In conclusion, we have established that squalene is the most easily oxidized by singlet oxygen among the sebaceous lipids examined, and the rate constant of the peroxidation was K q ϭ2.6-3.9ϫ10 6 M Ϫ1 s
Ϫ1
. Further, coproporphyrin is a potent endogenous photosensitizer for squalene peroxidation on the UVA-exposed skin surface. Moreover, topical application of squalene peroxide caused skin hyperpigmentation. These results indicate that squalene peroxide formation has an important role in photo-induced skin damage.
